Whitten TA, Martz LJ, Guico A, Gervais N, Dickson CT. Heat synch: inter-and independence of body-temperature fluctuations and brain-state alternations in urethane-anesthetized rats. J Neurophysiol 102: 1647-1656, 2009. First published July 8, 2009 doi:10.1152/jn.00374.2009. During sleep, warm-blooded animals exhibit cyclic alternations between rapid-eye-movement (REM) and nonrapid-eye-movement (non-REM) states, characterized by distinct patterns of brain activity apparent in electroencephalographic (EEG) recordings coupled with corresponding changes in physiological measures, including body temperature. Recently we have shown that urethaneanesthetized rats display cyclic alternations between an activated state and a deactivated state that are highly similar in both EEG and physiological characteristics to REM and non-REM sleep states, respectively. Here, using intracranial local field potential recordings from urethaneanesthetized rats, we show that brain-state alternations were correlated to core temperature fluctuations induced using a feedback-controlled heating system. Activated (REM-like) states predominated during the rising phase of the temperature cycle, whereas deactivated (non-REM-like) states predominated during the falling phase. Brain-state alternations persisted following the elimination of core temperature fluctuations by the use of a constant heating protocol, but the timing and rhythmicity of state alternations were altered. In contrast, thermal fluctuations applied to the ventral surface (and especially the scrotum) of rats in the absence or independently of core temperature fluctuations appeared to induce brainstate alternations. Heating brought about activated patterns, whereas cooling produced deactivated patterns. This shows that although alternations of sleeplike brain states under urethane anesthesia can be independent of imposed temperature variations, they can also be entrained through the activation of peripheral thermoreceptors. Overall, these results imply that brain state and bodily metabolism are highly related during unconsciousness and that the brain mechanisms underlying sleep cycling and thermoregulation likely represent independent, yet coupled oscillators.
I N T R O D U C T I O N
Temperature is intimately related to sleep. Body temperature exhibits a prominent circadian fluctuation that is rhythmically correlated to the sleep-wake cycle (Barrett et al. 1993; Van Someren 2004) . Within sleep itself, alternations between rapideye-movement (REM) and non-REM states (Aserinsky and Kleitman 1955) are accompanied by smaller, ultradian fluctuations in body temperature. In the rabbit, rat, and cat, brain temperature has been shown to increase sharply during REM sleep and decrease during non-REM sleep (Alfoldi et al. 1990 ; Kawamura and Sawyer 1965; Kovalzon 1973; Obal et al. 1985; Satoh 1968) . In humans, ultradian oscillations of rectal temperature have been similarly correlated with sleep stages (Almirall et al. 1997 ).
In addition to the correlational evidence just presented, the relationship between body temperature and sleep states has also been shown through direct manipulations. Altering ambient temperature can profoundly influence total sleep time as well as REM and non-REM sleep proportions (Haskell et al. 1981; Mahapatra et al. 2005; Schmidek et al. 1972; Szymusiak and Satinoff 1981) . Interestingly, direct manipulations of core body temperature have been shown to influence sleeplike electroencephalographic (EEG) state transitions in the encéph-ale isolé preparation (Jouvet et al. 1988 ) and, more recently, direct manipulations of skin temperature of as little as 0.4°C have been shown to have a significant influence on sleep architecture in humans (Raymann et al. 2008) .
Our laboratory has found that spontaneous alternations between activated and deactivated EEG patterns in urethaneanesthetized rats mimic the time course (ϳ11 min), EEG characteristics, and changes in physiological variables such as respiration rate, EMG tone, and heart rate, observed during alternations between REM and non-REM states in natural sleep (Clement et al. 2008) . Furthermore, these alternations appear to share similar brain cholinergic mechanisms to those of natural sleep, are dependent on similar brain stem structures, and are not due to fluctuations in the level of anesthesia (Clement et al. 2008) . As with all general anesthetics, urethane depresses thermoregulation, despite the fact that thermoregulatory effector responses, such as vasodilation, vasoconstriction, shivering, and nonshivering thermogenesis, can still be elicited in response to alterations in environmental temperature, endogenous pyrogens, or direct electrical and chemical brain stimulation (Malkinson et al. 1988 (Malkinson et al. , 1993 Monda et al. 1998; Osaka 2004) . Although the influence of urethane on thermoregulation must be considered when interpreting results, this model provides several advantages for a systematic investigation of the interaction of body temperature and brain state, due to the ability to manipulate body temperature in a highly controlled experimental setting.
In the present study, we correlated changes in brain state to fluctuations in body temperature in urethane-anesthetized rats. Similarly to sleep, we found a strong correlation between core temperature and brain-state fluctuations. Manipulations of body temperature also appeared to have strong influences on the dynamics of brain-state alternations that could be directly mediated by the activation of peripheral thermoreceptors. In the absence of experimentally induced temperature fluctuations, however, brain-state alternations were still apparent. This suggests that the brain processes underlying thermoregulation and brain-state alternations most likely represent independent, yet coupled, oscillators.
M E T H O D S
Experiments were performed on 55 male Sprague-Dawley rats weighing 183 to 491 g (272 Ϯ 9 g; summary data reported as means Ϯ SE) and 4 female Sprague-Dawley rats weighing 192 to 233 g (212 Ϯ 11 g) obtained from the University of Alberta Animal Care Services. All methods were carried out in accordance with the guidelines of the Canadian Council on Animal Care and were approved by the Biosciences Animal Policy and Welfare Committee of the University of Alberta.
Anesthesia and jugular surgery
Rats were initially anesthetized with isoflurane (minimum alveolar anesthetic concentration [MAC] of 4) in an enclosed chamber until the loss of righting reflexes was observed. Rats were then transferred to a nose cone and isoflurane was continued (1.5 to 2.5 MAC) while a catheter was inserted surgically in the jugular vein. Isoflurane was then discontinued,and the level of anesthesia was maintained through slow intravenous delivery of urethane (0.8 g/ml) to a final dose of 1.69 Ϯ 0.02 g/kg through this catheter. Supplemental doses of urethane were given if vibrissae movement or withdrawal reflex to a hind-paw pinch were observed at any point during the experiment.
Stereotaxic surgery
Rats were placed in a stereotaxic apparatus (Model 900; David Kopf Instruments, Tujunga, CA). Body temperature was maintained using a servo-driven system connected to a heating pad and rectal probe (TR-100; Fine Science Tools [FST] , Vancouver, BC, Canada) or using a water-perfused heating pad (T/pump; Gaymar Industries, Orchard Park, NY). The rectal probe was inserted a minimum of 6 cm in accordance with the protocol suggested by Lomax (1966) . Atropine methyl nitrate (0.05 mg/kg) was administered subcutaneously (sc) to prevent respiratory secretions. Lidocaine (2%) was administered sc on the midline of the scalp prior to stereotaxic surgery. Holes were drilled in the skull based on electrode coordinates calculated from bregma. EEG recording electrodes (Teflon-coated stainless steel wire, bare diameter: 125 m; A-M Systems, Carlsborg, WA) were implanted stereotaxically in the frontal cortex (anterior-posterior [AP] ϩ2.5 mm; medial-lateral [ML] Ϯ1.2 mm from bregma; dorsal-ventral [DV] Ϫ0.1 to Ϫ0.25 mm from cortical surface) and in the hippocampus (AP Ϫ3.3 mm; ML Ϯ2.1 mm from bregma; DV Ϫ2.93 Ϯ 0.05 mm from the cortical surface, n ϭ 59). Hippocampal data were used as additional confirmation of brain state, but in general, these data are not explicitly shown. In one case, due to poor neocortical signals, the hippocampal data were used for the analysis of state transitions. Bipolar stimulating electrodes (constructed from twisted Tefloncoated stainless steel wires) were implanted in six animals in the posterior hypothalamus (AP Ϫ3.3 mm; ML Ϯ0.1 mm from bregma; DV Ϫ7.52 Ϯ 0.14 mm from the cortical surface, n ϭ 6). All electrodes were fixed to the skull using jeweler's screws and dental acrylic. Brain temperature measurements were taken in some animals using a temperature probe (IT-23 tissue-implantable thermocouple microprobe; Physitemp Instruments, Clifton, NJ) implanted in the frontal cortex (AP ϩ2.5 mm; ML Ϯ1.2 mm from bregma; DV Ϫ2.0 mm from the cortical surface) and connected to a thermometer (Bat-10R model; Physitemp Instruments).
Data acquisition
Field recordings were amplified at a gain of 1,000 and filtered between 0.1 and 500 Hz using a differential AC amplifier (Model 1700; A-M Systems). All signals were referenced to the stereotaxic apparatus. Data were sampled at 1 kHz, digitized using a 1322A Digidata A/D board (Molecular Devices, Union City, CA) connected to a Pentium personal computer, and acquired using the Axoscope 9.0 program (Molecular Devices). Brain, body, and heating pad temperatures were recorded manually every 30 s from the digital output of the Bat-10R thermometer, the FST TR-100 system, or the Digi-sense dual JTEK thermocouple thermometer (Eutech Instruments, Singapore), respectively.
Experiment termination, perfusion, and histology
In cases where histological verification of stimulating or recording sites was required, lesions were made at electrode tips following termination of the experiment by passing 1 mA of DC current for 5 s through the electrode using an isolated constant-current pulse generator (Model 2100, A-M Systems). Animals were then perfused transcardially with physiological saline followed by 4% formaldehyde. The brain was extracted and placed in a solution of 4% formaldehyde and 30% sucrose. After a minimum of 24 h, brains were frozen using compressed CO 2 gas, and 48-m slices were obtained using a rotary microtome (1320 Microtome; Leica Microsystems, Vienna). Slices were mounted on gel-coated slides and allowed to dry for 24 h. Slides were then stained with thionin and coverslipped. The location of electrodes was verified by microscopic inspection of stained slices. When histological verification of recording sites was not necessary, animals were overdosed on urethane following termination of the experiment and decapitated.
Experimental protocols
Mean body temperature was manipulated in some animals by altering the set point of the servo-driven heating pad by 0.5 or 1.0°C following baseline recordings of 1.0 to 1.5 h at a set point of 37.0°C. The change in heating pad set point was always introduced following the predetermined baseline period regardless of brain state at that time point.
Rate of temperature gain/loss was manipulated through two conditions. In the facilitated heat-loss condition, animals were sprayed with water for 1 min following baseline recordings. In the restricted heat-loss condition, an insulating chamber, constructed from foam insulation and designed to enclose the animal and the heating pad within the stereotax, was used following baseline recordings.
Peripheral thermal stimuli were applied to the scrotum of some animals through a latex sac filled with either ice or warm (50°C) water. Scrotal temperature was recorded in addition to the pad temperature and core temperature.
Brain state was manipulated by stimulation of the posterior hypothalamus. Correct electrode placement was determined electrophysiologically by the EEG response to stimulation of varying amplitudes and histologically as described earlier. Stimulating pulses (500-A biphasic current pulse trains) were delivered for 15 s on and 15 s off for 5-15 min using an isolated constant-current pulse generator (Model 2100; A-M Systems). Recording was continued for a minimum of 1 h following the final stimulation. Brain state was also manipulated by administration of O 2 . Pure 100% medical-grade oxygen (Oxygen USP K Medical; Praxair, Mississauga, ON, Canada) was administered at a rate of 0.5 ml/min through a Tygon (SaintGobain Performance Plastics, Charny, France) tube placed in front of the animal's snout.
Data analysis
EEG data were first examined visually using Axoscope 9.0 (Molecular Devices, Union City, CA). Data were then analyzed using Matlab 5.3 (The MathWorks, Natick, MA) and plotted using Origin (Microcal Software, Northampton, MA). Spectrograms were computed from long-term (1-to 6-h) recordings by computing individual spectra on 24-s windows and sliding this window through the data set by 6-s increments. The individual spectra were computed using a series of 6-s Hanning-windowed samples overlapping by 2 s. For computation of cross-correlations between specific frequency components and temperature fluctuations, EEG signals were analyzed using a 30-s, nonoverlapping window to ensure that the spectrum corresponded to the time point of the temperature measurement, which was recorded at 30-s intervals.
The period lengths of the brain-state alternations were analyzed in two ways. The first method involved computing the period length of the autocorrelation of the neocortical 1-Hz power for a data segment spanning at least four complete cycles of state alternations. The second method involved taking the 1-Hz power values for the baseline recording and plotting their frequency distribution collapsed across time. This resulted in a bimodal distribution and the trough of this distribution was used to calculate a threshold value for the 1-Hz power, separating low values (activated, REM-like state) from high values (deactivated, non-REM-like state). The beginning of the activated (REM-like) state was defined as the time point when the 1-Hz power crossed below this threshold; one full period was defined as the beginning of one activated state to the beginning of the next. The percentage time spent in the deactivated (non-REM-like) state within each cycle was similarly calculated by defining the deactivated state as the period of time spent above this threshold value. For all experiments, the baseline recording was used to calculate the 1-Hz power threshold. For all calculations, the 1-Hz power bin had a width of 1/6th Hz. Auto-and cross-correlations were performed both on temperature data and on the neocortical 1-Hz power data. The lags of maximum correlations in cross-correlational analyses were converted to phase values by calculating the ratio of the lag to the period length of the oscillation and multiplying by 360°.
Numeric averages were computed across conditions/animals along with the SE; significance across manipulations was assessed using Student's t-test (P Ͻ 0.05).
R E S U L T S

Body temperature and brain state are rhythmically related
Consistent with previous findings from our lab (Clement et al. 2008) , urethane-anesthetized rats displayed a spontaneous and regular alternation between activated (REM-like) and deactivated (non-REM-like) electrographic states. The activated state was characterized by low-voltage, fast EEG activity in the neocortex and theta-frequency (3-12 Hz) EEG activity in the hippocampus, whereas the deactivated state consisted of largeamplitude, slow oscillatory EEG activity (ϳ1 Hz) at both neocortical and hippocampal sites. The rhythmic alternation between these two distinct electrographic states was apparent not only in the time-dependent fluctuations of amplitude of the raw EEG traces (Fig. 1A) but also in the extracted power at 1 Hz from neocortical ( Fig. 1B) and hippocampal (not shown) sites and the theta-frequency power from the hippocampus (not shown). The autocorrelations of the neocortical 1-Hz power during baseline recordings were highly rhythmic (Fig. 1D ) in 53/54 cases, with an average first positive peak (i.e., period length) at an interval of 11.1 Ϯ 0.4 min (n ϭ 53).
The brain state and core temperature relationship was determined by examining baseline (control) recordings in each experiment. In all cases (n ϭ 54), core temperature fluctuated rhythmically around an overall mean value of 37.2 Ϯ 0.007°C, with an average peak-to-peak amplitude of 0.4 Ϯ 0.01°C. An autocorrelation of the detrended core temperature values was highly rhythmic in all cases, with an average period length of 11.3 Ϯ 0.4 min (Fig. 1E ). As shown in Fig. 1 , A-C, the fluctuations of brain state and temperature appeared highly synchronized. The cross-correlation functions between core temperature and 1-Hz power (Fig. 1F ) demonstrated a strong rhythmic relationship, with the neocortical 1-Hz power maximum preceding the core temperature minimum by 75.4 Ϯ 3.5°( 2.4 Ϯ 0.1 min), n ϭ 53. Brain temperature was also measured in 15 cases from a recording site in the frontal cortex, 2.0 mm below the cortical surface (see METHODS) , and was reliably correlated with core temperature measurements with a short phase lag (brain temperature following core temperature by 21.4 Ϯ 5.7°or 0.67 Ϯ 0.16 min). This lag was significantly different from zero (P Ͻ 0.05, n ϭ 15, one-sample t-test).
Dissociation of brain-state alternations from induced temperature fluctuations
The strong association between core temperature and brain state suggested that the EEG alternations might be causally related to temperature fluctuations created by the feedbackcontrolled heating system itself. This hypothesis stemmed from the observation that the increase in core body temperature (and the correlated change to the REM-like brain state) was preceded by the activation of the heating circuit (i.e., the moment when the heating pad temperature began to increase in response to feedback from the animal's core temperature). We therefore assessed whether brain-state alternations were still apparent using different heating protocols that were not dependent on body-temperature feedback from the animal and that provided unvarying heating. Following baseline recordings made using the servo-driven heating pad, rats were heated at a constant and stable temperature using a water-perfused heating pad (n ϭ 8) or the servo-controlled heating system, with feedback from the heating pad itself instead of the animal's core temperature (n ϭ 3). In these latter experiments, foam insulation was inserted between the heating pad and the animal to eliminate rapid fluctuations in the heat delivered to the animal (Fig. 2C ). Although these protocols made the absolute core temperature difficult to control, the key point is that systematic fluctuations induced by the heating protocol were eliminated.
The most striking observation under these constant-temperature protocols was that clear brain-state alternations were still present in 10/11 cases, but that the most prominent shifts took place on a much longer timescale than those observed under baseline conditions. In two of these cases, we did not observe more than one complete state alternation and thus we could not calculate a period. In the remaining 8/10 cases, it was possible to evaluate the average period length of these alternations, as measured using thresholding of the neocortical 1-Hz power (see METHODS). The mean period length for these state alternations was 100.1 Ϯ 14.7 min, compared with 10.5 Ϯ 0.8 min during baseline recordings.
In addition to these prominent and slow state alternations, lower amplitude and more rapid changes of the 1-Hz power were often observed. These tended to occur during a predominantly activated or REM-like state, in the intervening period prior to a prominent and long-lasting shift into the deactivated (non-REM-like) state (Fig. 2, shaded section) . To evaluate these systematically, we performed autocorrelations of the 1-Hz power for 45-min data segments immediately preceding a long-lasting alternation into the deactivated state. The number of these epochs within each experiment varied depending not only on the duration of the long state alternations but also on the recording time. In one animal the activated state was not long enough to analyze 45-min segments, so shorter epochs were used (36 and 19 min, respectively) and, in another animal, the initial analysis suggested that a longer epoch was required to establish rhythmicity, so a 90-min segment was used. These more rapid state alternations were highly variable in both time period and strength of rhythmicity. In 9/11 animals (corresponding to13/20 epochs) the autocorrelation functions revealed rhythmic state alternations. The period length of these alternations ranged from 1.2 to 25.4 min, with a mean of 10.1 Ϯ 2.3 min (n ϭ 13, in 9 animals).
Despite eliminating systematic fluctuations in the heat delivered to the animals, core temperature could still show slow drifts (Fig. 2, B and C) . The fast alternations of state were independent of these slower changes in temperature (Fig. 2 , shaded section), although the longer and slower state alternations appeared correlated with the temperature changes in 4/10 cases. Interestingly, and in direct contrast to our previous findings, core temperature tended to increase during the deactivated non-REM-like state and to decrease during the activated REM-like state. Cross-correlation analysis yielded a positive peak at 39.8 Ϯ 12.7°(21.2 Ϯ 6.4 min; n ϭ 4) with the 1-Hz cortical power now leading temperature.
Manipulations of temperature dynamics
The preceding experiments established that state alternations could occur in the absence of systematic fluctuations in core body or heating pad temperature, but that the period length and rhythmicity of these alternations tended to be altered. This suggests that imposed temperature changes might be altering and/or entraining the brain-state alternations. To test this idea, we performed a series of experiments in which we altered aspects of the heating protocol. In the first set, we manipulated the mean core temperature to which the animal was heated; in the second set, we changed the rate of heat loss of the animal itself; and in the third set, we changed the rate of feedback control of the pad to dissociate pad temperature from core temperature fluctuations.
Manipulation of mean core temperature. When the mean core temperature was altered by either 0.5 or 1.0°C, following the initial adjustment, fluctuations in core temperature resumed around the increased or decreased value with an amplitude similar to that in control conditions (Fig. 3, C and I) . Although a transient suppression of brain-state alternations was apparent in 6/7 of the cases where temperature was decreased (Fig. 3 , leftmost panels), the alternations typically resumed within 15.0 Ϯ 2.0 min (n ϭ 6; calculated from the time point when the new set point temperature was first reached to the time point when a transition to an activated state was first observed). Once brain-state alternations resumed at the new increased or decreased temperature, there was no significant difference in their period length as determined from analysis of the time points of threshold crossing of the 1-Hz power [ Fig. 3 , D and J; halfdegree decrease: 10.51 Ϯ 0.54 vs. 10.99 Ϯ 0.78 min, P ϭ 0.17, n ϭ 4; full-degree decrease: 10.59 Ϯ 0.51 vs. 11.11 Ϯ 0.33 min, P ϭ 0.60, n ϭ 3; half-degree increase: 10.51 Ϯ 0.54 vs. 10.64 Ϯ 0.61 min, P ϭ 0.53, n ϭ 4; full-degree increase: 12.03 Ϯ 0.69 vs. 11.63 Ϯ 0.59 min, P ϭ 0.26, n ϭ 7; see METHODS for calculations of threshold values].
Although the rhythmicity of state changes was not altered by changing the average core temperature, there was a noticeable change in the distribution of the two states within cycles. Increasing temperature appeared to increase the proportion of time spent in the activated (REM-like) state, whereas decreasing temperature appeared to increase the proportion of time spent in the deactivated (non-REM-like) state. It should be noted that this was not due to a change in the maximum or minimum 1-Hz power values observed, but only in the probability of being in each state. We analyzed this systematically by using the same threshold value determined for the fluctuations of power at 1 Hz during baseline conditions (see preceding text and METHODS). At a baseline temperature set point of 37°C, the mean percentage time spent in the deactivated, non-REM-like state was 52.2 Ϯ 4.3% (n ϭ 12). At decreased temperatures, the time spent in the deactivated, non-REM-like state was significantly increased (Fig. 3E ; 17.6 Ϯ 3.8% increase at 36.5°C, P Ͻ 0.05, n ϭ 4 and 27.2 Ϯ 2.5% increase at 36°C, P Ͻ 0.05, n ϭ 3; paired one-tailed t-test). At increased temperatures the opposite effect was observed: the time spent in the deactivated state was significantly lowered (Fig. 3K ; 17.8 Ϯ 3.9% decrease at 37.5°C, P Ͻ 0.05, n ϭ 4 and 24.6 Ϯ 4.5% decrease at 38°C, P Ͻ 0.05, n ϭ 7; paired one-tailed t-test).
Despite these changes, temperature fluctuations and brainstate alternations were still coupled following changes to the set point temperature, as shown in Fig. 3 . Once brain-state alternations resumed at the altered temperature, cross-correlations revealed that the relationship between core temperature fluctuations and the neocortical 1-Hz power maintained the same phase-dependent lag of the core temperature minimum behind the peak neocortical 1-Hz power [Fig. 3 , F and I; no comparisons were significantly different as assessed by paired two-tailed t-tests comparing conditions before vs. after manipulation: half-degree decrease: 80.0 Ϯ 11.3°(2.3 Ϯ 0.3 min) vs. 79.6 Ϯ 8.7°(2.5 Ϯ 0.4 min), P ϭ 0.97, n ϭ 4; full-degree decrease: 84.7 Ϯ 3.4°(2.5 Ϯ 0.0 min) vs. 81.0 Ϯ 9.4°(2.7 Ϯ 0.3 min), P ϭ 0.77, n ϭ 3; half-degree increase: 80.0 Ϯ 11.3°( 2.3 Ϯ 0.3 min) vs. 94.6 Ϯ 4.7°(2.8 Ϯ 0.1 min), P ϭ 0.16, n ϭ 4; full-degree increase: 81.9 Ϯ 6.3°(2.8 Ϯ 0.3 min) vs. 89.2 Ϯ 7.6°(2.9 Ϯ 0.2 min), P ϭ 0.35, n ϭ 7].
Manipulating rate of heat loss/gain. The previous results demonstrated that manipulations producing different core temperatures did not influence the rhythmic coupling between temperature and brain state or the period length of state alternations, although they did affect the distribution of activated/deactivated states within cycles. Interestingly, one variable that did show a significant relationship with period length was body weight. Across our series of baseline (control) recordings in all experiments, we found that a linear regression of body weight to period length 1 (Supplemental Fig. S1 ) was significant (n ϭ 53, r ϭ 0.43, Ͻ0.05).
1 What this may reflect is that alternation periods themselves are a function of the heat capacity of the particular animal (i.e., how fast they warm and cool). To test this idea and to further test the coupling between temperature and brain state, we designed a series of experiments to alter the rate of heat loss in individual rats to see whether we could induce any systematic variation in the frequency of state alternations.
In the first condition we designed an insulating chamber (see METHODS), which functioned to reduce heat loss. Following insulation, the rate of temperature fluctuations was significantly decreased. From an average baseline value of 11.3 Ϯ 0.9 min, the period length increased to 17.4 Ϯ 1.7 min postinsulation (significantly different by paired one-tailed t-test: P Ͻ 0.05, n ϭ 7). Visual inspection of the individual heating and cooling cycles within each experiment suggested that this elongation in period length was due mainly to an increased duration of the falling phase of the cycle (i.e., a slower rate of cooling); however, the digitization scale and the low sample rate for core temperature measurements prevented a more systematic analysis.
In parallel with the elongation of the temperature period, the period length of the brain-state alternations based on autocorrelations of the 1-Hz power increased significantly from a baseline value of 11.2 Ϯ 0.9 min to a value of 17.2 Ϯ 1.9 min following insulation ( Fig. 4D ; paired one-tailed t-test: P Ͻ 0.05, n ϭ 7). The increase in both appeared to be linked since 1 The online version of this article contains supplemental data. A-C and G-I: neocortical EEG, 1-Hz power, and core body temperature measurements, respectively. In the experiment shown in the left panels the temperature set point was lowered by 0.5°C (from 37 to 36.5°C, occurring within the time points denoted by the shaded area) and in the experiment shown in the right panels the temperature set point was raised by 1.0°C (from 37 to 38°C). Although a transient suppression of brain-state alternations (lasting 24.6 min) was observed directly following the decrease in temperature, the alternations resumed at the same frequency as that during the baseline period. D and J: the average period lengths pre-and postmanipulation epochs in individual experiments (leftmost graphs) and the overall averages (rightmost graphs). All half-degree shifts are shown in filled squares and full-degree shifts in open squares. Changes in period length were not significantly different for any manipulation. E and K: the percentage of time spent in the deactivated state for both pre-and postmanipulation epochs in individual experiments (leftmost graph) and the overall averages (rightmost graphs). This proportion was significantly increased following both the full-and half-degree manipulations that decreased core temperature, whereas this proportion was significantly decreased following both the full-and half-degree manipulations that increased core temperature. F and L: the phase lag of the first and maximum negative cross-correlation value of the core temperature and neocortical 1-Hz power. Individual experiments are shown in the rightmost graphs and the overall averages are shown in the leftmost graphs. The lags were not significantly different before vs. after manipulation.
1) the absolute change was comparable (6.1 Ϯ 1.9 min for temperature period; 6.1 Ϯ 2.1 min for brain-state period; not significantly different by paired t-test, P ϭ 0.77, n ϭ 7) and 2) the cross-correlation functions between temperature and the neocortical 1-Hz power showed a similar rhythmic relationship before and after the manipulation [ Fig. 4F ; maximum negative cross-correlation of core temperature vs. 1-Hz power at 69.7 Ϯ 9.2°(2.1 Ϯ 0.3 min) during baseline and 56.9 Ϯ 5.5°(2.6 Ϯ 0.2 min) during insulation; not significantly different by paired two-tailed t-test: P ϭ 0.21, n ϭ 7]. The only apparent change in the cross-correlation function was that the oscillatory period increased with the manipulation. Despite the increased period length of the state alternation, the percentage of time spent in the deactivated state was not significantly different across conditions in a paired two-tailed t-test ( Fig. 4E ; baseline: 61.2 Ϯ 6.8%; insulated: 64.5 Ϯ 6.4%; P ϭ 0.66).
In the second condition, we increased evaporative heat loss by dampening the skin and fur of the rats with water. In this set of experiments, the period length of the temperature fluctuation decreased from an average of 9.3 Ϯ 2.2 min during baseline conditions to 7.4 Ϯ 1.8 min postmanipulation (significant by paired one-tailed t-test: P Ͻ 0.05, n ϭ 4). As with the insulation experiments, this appeared to be due to a change in the falling phase of the temperature cycle, in this case corresponding to an increased rate of heat loss.
In a coupled fashion the period length of the brain-state alternations decreased significantly from a baseline value of 9.0 Ϯ 2.1 to 7.1 Ϯ 1.6 min ( Fig. 4J ; paired one-tailed t-test: P Ͻ 0.05, n ϭ 4). The decrease in both the period of temperature and brain-state fluctuations appeared to be linked since 1) the absolute change was comparable (1.9 Ϯ 0.4 min for temperature period; 1.9 Ϯ 0.5 min for the brain-state period; not significantly different by paired t-test P ϭ 1.0, n ϭ 4) and 2) the cross-correlation functions between temperature and the neocortical 1-Hz power showed a similar phasedependent rhythmic relationship before and after the manipulation [ Fig. 4L ; maximum negative cross-correlation of core temperature vs. 1-Hz power at 82.3 Ϯ 9.8°(2.3 Ϯ 0.7 min) during baseline and 74.2 Ϯ 12.0°(1.6 Ϯ 0.6 min) during heat-loss facilitation; not significantly different by paired twotailed t-test: P ϭ 0.57, n ϭ 4]. The only apparent change in the cross-correlation function was that the oscillatory period decreased with the manipulation. Unlike the insulation condition, however, this manipulation also had an effect on the percentage of time spent in the deactivated (non-REM-like) state, which decreased from 52.3 Ϯ 6.8% during baseline recordings to 38.4 Ϯ 4.5% in the evaporative heat-loss condition ( Fig. 4K ; significant by paired two-tailed t-test, P Ͻ 0.05).
Dissociation of heating pad fluctuations from core temperature fluctuations. In the manipulations described so far, core temperature fluctuations were highly correlated with fluctuations in the temperature of the heating pad itself. To dissociate these and to determine whether peripheral thermal stimuli were important for brain-state alternations, we modified the heating protocol so that pad temperature fluctuations were reduced to such a degree that they did not induce correlated fluctuations in core temperature (Fig. 5) . This was done by using pad temperature as the signal for feedback instead of the animal's core temperature and by removing the insulation between the heating pad and the surface of the rat that was used previously to dissociate brain state from core temperature fluctuations. In this case, both the amplitude and period length of pad temperature fluctuations were dramatically reduced compared with baseline recordings, but not eliminated, with the amplitude decreasing from 4.37 Ϯ 0.61 to 0.70 Ϯ 0.08°C (P Ͻ 0.05, n ϭ 7) and the period length decreasing from 12.3 Ϯ 0.7 to 1.6 Ϯ 0.1 min (P Ͻ 0.05, Fig. 5D ). As well, rhythmic fluctuations of core temperature were completely eliminated (Fig. 5C ). The neocortical 1-Hz power showed prominent, long and slow state transitions combined with shorter lasting and faster state alternations, similar to activity patterns observed when pad temperature fluctuations were eliminated entirely (cf. Fig. 2 ). A-C and G-I: neocortical EEG, 1-Hz power, and core body temperature measurements, respectively. In these experiments the animal was placed into an insulating chamber (left panels) or the animal's fur was dampened (right panels) during the time denoted by the shaded area. D and J: the average period length for both pre-and postmanipulation epochs in each experiment (leftmost graphs) and the overall averages (rightmost graphs). There was a significant increase in the period following insulation and a significant decrease following wetting of the fur (see RESULTS for details). E and K: the percentage of time spent in the deactivated state for both pre-and postmanipulation epochs in individual experiments (rightmost graphs) and the overall averages (leftmost graphs). This proportion was not significantly different from the baseline values during insulation, but was significantly decreased from baseline values following fur wetting/evaporative heat loss. F and L: the phase lag of the cross-correlation of the core temperature and neocortical 1-Hz power for both pre-and postmanipulation epochs in individual experiments (rightmost graphs) and the overall averages (leftmost graphs). No significant changes were observed for either manipulation.
However, the less prominent and faster fluctuations of 1-Hz power using this protocol were correlated with the pad temperature fluctuations in 5/7 experiments (Fig. 5G) . In these cases, the autocorrelation of the 1-Hz power during these epochs was 1.8 Ϯ 0.2 min compared with 12.3 Ϯ 1.2 min during baseline (P Ͻ 0.05, n ϭ 5). Although not observed in every case, these cross-correlations of brain state with pad temperature (in the absence of associated core temperature fluctuations) suggested the possibility that peripheral as opposed to core temperature signals could be mediating the strong correlation between temperature and brain state. Specifically, these results pointed to peripheral thermoreceptors on the ventral surface of the animal, since this was the area in contact with the heating pad.
Entrainment of brain state by peripheral thermal stimuli
To evaluate the influence of peripheral thermal stimuli on brain state, we tested a variety of regions in which thermosensitive ON-OFF responses have been previously reported (Kanosue et al. 1984; Li and Thornhill 1996; Schingnitz 1986 ). We warmed animals on the servo-controlled heating pad and applied hot and cold stimuli to various abdominal body areas in an attempt to elicit measurable heating or cooling responses in EEG state independently from the core temperature and from the heating cycle of the pad. These thermal stimuli were applied in antiphase to the heating and cooling cycle of the heating pad and thus also in antiphase to corresponding changes to the bulk of the skin and core temperatures, to distinguish between the two sources of thermal signals. This manipulation had only a slight blunting effect on the amplitude of core temperature fluctuations (Fig. 6) . Thermal stimulation of the scrotum was found to reliably elicit changes in brain state, such that cold stimuli (to a skin-surface temperature of 22.5 Ϯ 1.5°C; n ϭ 10 cooling trials in two animals) led to a deactivated (non-REM-like) state, whereas hot stimuli (to a skin-surface temperature of 42.5 Ϯ 0.9°C; n ϭ 10 heating trials in two animals) led to an activated (REM-like) state (Fig. 6 ). This suggested that thermosensitive afferents from this region may play an important role in driving brain-state alternations. This conclusion was supported by the fact that shifting the heating pad in such a way that it was no longer in contact with the scrotum (i.e., only the more rostral abdomen, and not the scrotum, was being heated) initially led to a uniform deactivated state (n ϭ 4). However, rhythmic state alternations eventually resumed and these were again correlated with fluctuations in both core and pad temperatures. This observation further suggests that other regions of the abdomen may also provide thermosensitive feedback that can influence brain state, a finding supported by the fact that female rats maintained on the servo-controlled heating pad could also exhibit rhythmic alternations of brain state that were correlated with core body temperature and pad temperature (n ϭ 4; data not shown).
Independent manipulation of brain state
From the above-cited experiments, it is clear that body temperature-and specifically peripheral manipulations of body temperature-had a strong influence on brain state. Less clear was whether manipulations of brain state could influence body temperature. To test this idea we transiently manipulated brain-state alternations and tested the effect on core body temperature.
In one set of experiments, we manipulated brain state by providing hyperoxic breathing air to the rats. As shown in Fig. 7 , a complete dissociation between brain state and core temperature was observed during the initial exposure to pure O 2 . The O 2 administration produced a continuous deactivated (non-REM-like) state despite the fact that core temperature continued to fluctuate with the same period length and rhythmicity as those occurring pre-O 2 . Brain-state alternations tended to resume gradually as the hyperoxic protocol was continued with the relationship to core temperature preserved, showing that the effect of O 2 on state was not permanent and did not disrupt the temperature-state coupling. In another set of experiments we activated the forebrain throughout an entire alternation cycle by stimulating the posterior hypothalamus. The posterior hypothalamus was chosen as a stimulation site due to its ability to induce global brain activation throughout the stimulation protocol without interfering with subsequent brain-state alternations (Clement et al. 2008) . Despite the absence of brain-state alternations for the duration of the stimulation protocol, core body temperature continued to fluctuate. Interestingly, the stimulation protocol elicited a slight increase in the period length of the temperature cycle occurring during the stimulation compared with the periods before and after stimulation ( Fig. 8D ; prestimulation: 13.3 Ϯ 1.1 min; during stimulation: 16.2 Ϯ 1.4 min; poststimulation: 13.1 Ϯ 1.0 min; significant by paired one-tailed t-test: pre vs. during, P Ͻ 0.05, n ϭ 12; post vs. during, P Ͻ 0.05, n ϭ 12). In contrast, the period length pre-versus poststimulation was comparable (not significant by paired two-tailed t-test: P ϭ 0.20, n ϭ 12). This increase in period length was due to both an increase in the maximum temperature reached (prestimulation: 37.4 Ϯ 0.02°C; during stimulation: 37.5 Ϯ 0.02°C; poststimulation: 37.4 Ϯ 0.02°C; significant by paired one-tailed t-test: pre vs. during, P Ͻ 0.05, n ϭ 12; post vs. during, P Ͻ 0.05, n ϭ 12) combined with an apparent decrease in the slope of the falling phase of the temperature cycle. This suggests that evoked brain state may have a moderate influence on bodily temperature, although the method used to induce the brain state is important to consider. Following termination of the stimulation protocol, state alternations resumed in line with the temperature fluctuations (Fig. 8, A-C) .
D I S C U S S I O N
Overall, our findings suggest that although brain-state alternations can be dissociated from fluctuations in peripheral or core body temperature, a strongly entraining effect of temperature on brain state is evident and this effect is likely mediated through the activation of peripheral thermoreceptors. The dissociation between brain state and temperature was shown in three sets of experiments: First, when heating parameters were held constant, brain state continued to show alternations. Second, when an activated (REM-like) brain state was induced by repeated stimulation of the posterior hypothalamus, core temperature continued to fluctuate. Finally, when a deactivated (non-REM-like) brain state was induced by administration of pure O 2 , core temperature again continued to fluctuate. Despite this obvious dissociation, we also observed that small amplitude changes in skin temperature (in the absence of, or even in the opposite direction of, core temperature changes) that were produced by heating or cooling manipulations were correlated with (and appeared to induce) brain-state alternations. Thus as in sleep, thermal stimuli and thermoresponsiveness appear to play an important role in the regulation of brain states. These results imply that brain state and bodily metabolism are tightly related during unconsciousness.
Similarity of urethane to natural sleep
Our results support previous findings of a coupling between temperature and brain state in sleep (Kawamura and Sawyer 1965) and extend these findings from the natural states of REM and non-REM during sleep to the analogous activated and deactivated states observed under urethane anesthesia. During natural sleep, fluctuations of temperature are observed that are correlated to the REM/non-REM sleep cycle. The appearance of the REM state is correlated to increases, whereas the non-REM state is correlated to decreases, in body temperature (Alfoldi et al. 1990; Almirall et al. 1997; Kawamura and Sawyer 1965; Kovalzon 1973; Obal et al. 1985; Satoh 1968) . As we have shown in the present study, the same relationship is observed under urethane anesthesia across the activated (REM-like) and deactivated (non-REM-like) states.
During natural sleep, both body and ambient temperatures interact in their influences on sleep stages (Sakaguchi et al. 1979) . Increasing ambient temperature produces an increase in the proportion of time spent in REM, whereas decreasing ambient temperature produces a decrease in the proportion of time spent in REM (Schmidek et al. 1972) . Similarly, in our experiments increasing the core temperature of the animal by intensifying the heat arriving via the pad also increased the proportion of time spent in the activated (REM-like) state, whereas decreases in core temperature through reductions of pad heating decreased the proportion of time in the activated state. These similarities may reflect a common mechanism through which temperature influences brain state; however, the two observations differ in that naturally sleeping animals are able to maintain a (relatively) constant body temperature despite changes in the ambient temperature, whereas in this investigation body temperature was directly manipulated. Under conditions of normal thermoregulation it is peripheral (skin) temperature that is most affected by changes in ambient temperature (Cravello and Ferri 2008) . Indeed, fluctuations in skin temperature have been correlated with sleep stages in humans, with an inverse relationship between slow-wave amplitude and facial skin temperature (Schwartz et al. 2000) . Szymusiak et al. (1980) found that brief manipulations of ambient temperature that shifted skin temperature toward thermoneutrality could reliably elicit REM sleep in rats. In humans, manipulations of skin temperature as small as 0.4°C can likewise alter the distribution of sleep stages as well as the likelihood of arousal (Raymann et al. 2008) . It has also been reported that manipulations of skin temperatures are related to EEG states in urethane-anesthetized rats (Berner and Heller 1998; Grahn et al. 1989 ) and, in particular, scrotal warming has been shown to elicit an activated EEG (Gayton et al. 1987; Kanosue et al. 1984 Kanosue et al. , 1985 . In the present study, we have shown that direct thermal stimuli, especially when applied to the scrotum, have bidirectional effects on brain state. Warm stimuli elicited brain activation, whereas cool stimuli induced brain deactivation. However, it was also clear from our results that brain-state alternations could occur in the absence of variations in skin temperature.
Thermoregulation and sleep
Thermoregulation is a complex process involving the integration of diverse afferent signals and the operation of numerous effector mechanisms (for reviews, see Gordon 1990; Nagashima et al. 2000) . It has been suggested that the thermoregulatory set point is decreased during non-REM sleep. Glotzbach and Heller (1976) found that the threshold of hypothalamic temperature for initiation of metabolic heat production is decreased during non-REM sleep compared with that during wakefulness in the kangaroo rat. During REM sleep, the same group found that metabolic heat production could not be initiated by decreasing the hypothalamic temperature, which supports the idea that thermoregulation is impaired during REM sleep. Panting and shivering responses to high and low temperatures, respectively, are abolished during REM sleep in cats (Parmeggiani and Rabini 1970) and sweating responses to hot environments are drastically reduced during REM sleep in humans (Kobayashi et al. 2003) . Interestingly, peripheral vasoconstriction, a mechanism of retaining body heat, is a characteristic of REM sleep that occurs paradoxically even in hot environments (Baker and Hayward 1967) . It has been suggested that the increase in skin temperature associated with the vasodilation-induced circadian decrease in core temperature prior to sleep onset is itself a strong sleep-signaling mechanism (Van Someren 2004) . Given the established link between thermoregulation and sleep states as well as the importance of skin in both afferent (thermosensation) and efferent (vasoconstriction/vasodilation) thermoregulatory pathways, it is perhaps not surprising that the activation of peripheral thermo-afferents is an important element in the synchronization of body temperature and brain-state alternations. Nevertheless, it is also clear that the regulation of brain states likely involves a complex integration of both peripheral and central thermal signals in addition to many other factors.
Mechanisms of state-temperature coupling
There are many ways in which body temperature, skin temperature, or brain temperature could conceivably influence brain function and brain state. One of the most intriguing findings regarding the coupling of body temperature to sleep and sleep state is the overlap of brain regions, especially in the hypothalamus, that appear to be devoted to both these processes. A potential mechanism for mediating the coupling between temperature and brain state is the activation of neurons in the preoptic hypothalamus that are both sleep-active and thermosensitive (McGinty and Szymusiak 2001) . These neurons show distinct differences in thermosensitivity and discharge rate during REM sleep, non-REM sleep, and wake states (Alam et al. 1995a,b) . Lesions of this area can affect thermoregulatory responses to heat and to cold as well as the duration and frequency of REM and non-REM sleep episodes to varying degrees (Srividya et al. 2006 ). In addition, thalamic lesions have been shown to eliminate skin-temperatureinduced changes in the cortical EEG (Nakamura and Morrison 2008) , suggesting the thalamus as another candidate site for the integration of peripheral thermal signals and brain state. Finally, it is possible that the integration of temperature and sleep regulation occurs at brain stem or even spinal sites since Jouvet et al. (1988) found that brain stem indices of REM sleep became entrained to the rhythm of core body temperature in the pontine cat (which lacks both telencephalic and diencephalic structures), with REM sleep occurring just before or after the minimums of core temperature.
Two distinct oscillators
It has been suggested that the fluctuations of body temperature and brain/behavioral state reflect the controlling influences of two distinct oscillators that are normally coupled (Baker et al. 2005) . In the present study, although we found that coupling certainly existed, the relationship between body temperature and brain state was not absolute. For example, with certain manipulations we were able to maintain temperature fluctuations in the absence of brain-state alternations and inversely to maintain brain-state alternations in the absence of temperature fluctuations. The finding that state appears to lead temperature fluctuations in the constanttemperature experiments could reflect the fact that when a strong thermal signal is present, temperature can influence the endogenous brain-state rhythm, whereas in the absence of strong peripheral temperature signals, the spontaneous alternations of brain state can influence core body temperature. Additionally, the finding that the relationship of core temperature and brain state was reversed under the constant temperature condition might reflect the fact that core and peripheral temperatures are synchronized when core temperature fluctuations are being driven by the heating pad, but when the heating pad temperature is constant, the core temperature fluctuations are endogenously driven. In the latter case, peripheral temperature is influenced by core temperature and by thermoregulatory vasodilation or vasoconstriction in response to brain-derived (and state relevant) signals.
In conclusion, although brain state and temperature fluctuations under urethane anesthesia could be independent, they typically showed a high degree of coupling. This coupling is likely mediated by thermal stimulation of abdominal thermosensitive afferents, but it may also be bidirectional since manipulations of brain state also had an influence on core temperature. Given our results, it is highly likely that the two systems constitute distinct, yet tightly coupled oscillators. At a minimum, the urethane-anesthetized rat provides an ideal model for examining the bidirectional mechanisms of this coupling.
